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11. THEm 

The pringiple  underlying the use of an induction-balance 

for the measurement of magnetic auscept ib i l i ty  is that any material 

brought i n t o  the magnetic f i e l d  cf the balance w i l l  change the 

mutual inductance between two co i l s .  This change I n  mutual ln- 

ductance represents  the change In  magnetic auscept ib i l i ty  In the 

field oC the balance. The mutual Inductance change w i t h  respect 

t o  vacuum is a d i r e c t  measure of the  magnetic suscept ib i l i ty .  

I 

LUNAR PHYSICAL PARAMETE33 STUDY 

M E A " T  OF ELECTRICAL PRO?ERTIES 

A FEASIBILITY STUDY 

I. INTRODUCTIOW 

Several methods t o  determine the magnetic a u s c e p t i b i l l t ~  

of earth formations I n  situ have been used I n  geophysical explo- 

r a t ion  and have been reported i n  the l i t e r a tu re .  

on the  lunar  surface, the method of the Induction balance as used 

by Harold M. ?looney1 was selected since t h i s  method promlsea the 

best ellmlnatlon of the e r rors  introduced by surface i r r egu la r i t i e s .  

For measurements 

The object of t h i s  report  l a  t o  present the experimental 

r e su l t s ,  and t o  show that theore t ica l  calculat ions are i n  good 

agreement w i t h  these resu l t s .  

through theore t ica l  means it is possible t o  show that an arrange- 

By using c o i l  dimensions determined 

ment e x i s t s  whlah will have a minimum e r r o r  when placed on the  lunar 

surface having specif ied surface irregularlties. 

'Harold M. Mooney, "Magnetic Suscept ibi l i ty  Measurement i n  Mlnne- 
aota;  P a r t  I, Technique of Measurement", Oeo. Vol. 17, 1952, 
PP 531-543 
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The inductance-balance described here for the measureroent 

o f  the magnetic susceptibility of the lunar surface material con- 

sists of a three coil arrangement. 

e. 
. .> The three coils of the induction balance are shown in Fig .  

1. 

dlfference between the mutual inductance of the coil pairs, A - c# 
and B - c, aince the current paths In A and B are in oppoalte 

directions. 

(SuaceptibLlity It = 0) can be expressed by the equation2: 

The mutual inductance between Coil C and Coil A and B la the 

The mutual inductance (H) of a coil pair In a vacuum 

H I) 8r n1n2 ,/Ti (1-t2/2)(K(t)-X(t))x loe9 (1) 

t 

H = Mutual Inductance (henries) 

n I Number of turns of wire 

r = Radii (cm) of coils 

K(t) and E(t) are complete elliptic integral8 of the 
first and aecond kind 

2 ’ 2  + h t2 I 4 rlrd(rl + re) 

h II Axial offaet of colla - (cm) 
Subindecea 1 and 2 refer to the individual coils. 

The change in mutual inductance ( 44) and in self induc-’ 

tance ( AL) due to a change In media below the coils can be calcu- 

lated by uaing the images of the coils in the media . 
=:am R. Smythe, “Stattc and D y n a m i c  Electricity”, Second Edition, 

%bid, pp 2% 

8 3 
By uaing 

X&raw Hill, 1950, pp 313 

1 q94.19-2 
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equation (1) the change i n  mutual .inductance 

the Coil A can be calculated by making h equal the dis tance between 

C and the image of A. 

&bA of Coil C on 

A repeat of the above calculat ion making h 

equal t o  the dietance between C and the Image of B and taking the 

difference of the two values w i l l  give the change i n  mutual induc- 

tance of the  two c o i l s  on C o i l  C, Thie value w i l l  be deslgnated 

Q1 i n  th i s  paper. 

( AL) can be determined by making h equal t o  the distance between 

I n  the same manner the change i n  self-inductance 

Coil  C and i t a  Image i n  the media. This value w i l l  be designated 

Q2 in this paper. 

b i l i t y  (I) of the media and is equal t o  2r K,/l+2r K, 

The Image st rength w i l l  depend on the suscepti-  

To measure these changes i n  mutual Inductance a Carep- 

Foster  bridge was selected.  Fig. 2 is a sketch of the c i r c u i t  

used in the experlments. 

4 

The balance conditions of t h i s  bridge are 

as f O l l O W 8 :  

where 
= Resistance of Coil C % 

(3) 

4Melville B. Stout,  "Basic Elec t r ica l  Measurements", Prent lce  - H a l l ,  
Inc. , pp 240 

1 m4.19-3  
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= Self-inductance of Coil C (henries) % 
H = Wtual Inductance of coil arrangement (henriee) 

R2 n 100 ohme 

= 0 - 1000 ohmsJ variable in steps of 0.05 ohm 

LI 0 - 80 IC ohms, variable in steps of 1 ohm 
Rl 

R3 
C P 0.01 microfarad 

The relationship or a change in coil characteristics X, 

Lc and Rc to the resulting change in the bridge balance can be ob- 

tained by differentiation of equation (.3a) and (3b) with respect to 

M, Lc and RC. The following equations show thie relationship. 

m e r e  dRC and dM are the changes of the coil characteris- 

tic8 due to the conductivity and susceptibility, respectively, of 

the media brought into the field of the coil arrangement. 

since, Lc >> M the equation (4b) reduces to 
AM -n % 37 (5) 

Elimination of Lc in equation (5) with the balance con- 

I .* *>' 7 

ditlon (3b) and substitution of O1 and O2 into equation (5) using 
equation (2a) and (2b) J we obtain our final relationship between 

suaaeptibility and the bridge balance condition. 

1 :794.19-4 

...- e o  n w ?  . 
6' 



I 

-5- 

R2, R ) I s  mainly dependent on 3 The fUXICtiOn F F (01, 02, 

sinoe R 2 >  R2 and since Q2 drops off sharply by raising the 

arrangement above the surface of the material of wNch X is t o  be 

determined. 

arrangement and the r e l a t i v e  pos i t ion  of t h i s  arrangement t o  the a y -  

face of the materlal. It I s  seen from equation ( 6 )  that dR3 l a  a 

l i n e a r  function of the suscep t ib i l i t y  at  a constant F and f o r  a wide 

range of K. 

F is so le ly  a function of the geometry of the coi l  

Therefore, t o  compare d i f f e ren t  c o i l  arrangement8 with 
~ 

respect t o  height above the surface only F or a1, respectively,  need 

t o  be evaluated. 

Of i n t e r e s t  is that t h i s  pa r t i cu la r  method will not result 

i n  an  independent measurement of the conductivity as seen from 

equation (4a) except under ce r t a in  conditions. The measurement of 

AEC l a  not independent of that of AH. 
A H  - &3 

-F 
i n t o  equation (4a). This relat ionship f o r 7  a is from equation 
( 5 )  when it I s  assumed that 

is va l id  for  dis tances  larger than 1 - 3 cm. from the surface, 

However, dR may be obtained by subs t i t u t ing  '7 = 
C 

a, is  small compared t o  4 . This -5 The 

. 
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%, following equation is obtained for 

In principle all the factors in equation (7) are knm or measured, 

However, in practice, thia requires resistivities of the adjacent 

material to be loner than approxhately 10 - 100 ohm-cra. 

111. THEORETICAL CALCULATIONS 

To find a coil arrangement which will operate satisfactory 

at an elevatlon of approximately 10 cm, above the surface to be 

measured and to compensate for surface irregularities, computer 

computations were made uairig different coil ar,-m;ments. The com- 

putations for a change in mutual inductance ( A M )  were made using 

equation (2a) with unit turns on each set of coils, and when plotted 

were normalized to a zero value of A M  at zero elevation from the 

surf ace 

In Figs 3 through 11 the change in mutual Inductance of 
each coil pair was 

the surface. The dlfference of these two curves is a,, which 18 

plotted versus the elevation of' the coils above 

also plotted in the figures. It Is seen that a, has 

a distance from the surface. The elevation at which 

ocours and the width of the maximum of Q, determines 
A 

c o i l  arrangement needed to minimize the effect of 

irregular lunar surface conditions. 

Table I shows the elevatlon at which the 

occurs, and the elevation interval at which al is 

A -  

a maxiwup at 

this maximum 

the optlmum 

the specif led 

maximum of Q1 

greatez than go$, 

. / o  



8U$ and 70$ of its nraximUm value. From Table I it is  seen that the 

f i p r e s  can be pJaced i n  three groups; 

Group 1 - Coil A, which is variable  i n  radiua is located 

2 cm. axially above a coplanar arrangement of 

Coil B and Coil C. 

Group 2 - Coil A, which has a constant radius  is located 

axially a variable  dis tance above a coplanar 

arrangement of Coil  B and Coil C. 

Group 3 - Coil A and Coil  B w i t h  var iable  radi i  i n  a 
coplanar arrangement w i t h  Coil C. 

I n  Group 1, as shown i n  Table I, it can be seen that as. 

the radius  of Coil A increases there is an  increase i n  the elevat ion 

a t  *which the maximum of O1 occurs, there is a180 an increase i n  the 

i n t e r n a l  a t  which G1 Is go$ of i ts  peak value, Using coi ls  of t h i s  

group t o  meamre the suscep t ib i l i t y  of the  lunar surface, an error 

of lo$ exists over the elevation range of 2.5 cm. t o  5.0 ca. 

I n  Group 2 an increase i n  the dis tance of Coil  A frca the 

coplanar arrangement of Coil B and Coil  C causes a decrease in the 

e leva t ion  a t  which the maximum of G1 (a1 max,) occurs. h i s  de- 

crease indica tes  t ha t  a coplanar arrangement of all c o i l s  should be 

the better of the three groups, 

Group 3 shows a wide range of e levat ions a t  which Q, max. 
occurs. It can be seen tha t  in the coplanar arrangement the I lowest 

e leva t ion  a t  which the  maximum G1 occurs I s  higher than  that of 

any arrangement of t h e  other  groups. 

arrangement e x i s t s  when the radius of Coil A approaches that of 

It was found that the best  



-8- 

Coil B. An lncrease i n  the r a d i i  of both Coils A and B leads t o  

an  elevat ion which w i l l  enable the measurement of the suscep t ib i l i t y  

of a material  having surface i r r e g u l a r i t i e s  speclf ied t o  e x i s t  on 

the lunar  body, i .e. ,  10 cm. protuberances. With a c o i l  arrangement 

as shorn i n  F i g . 1 1 i t  is possible t o  measure the suscep t ib i l i t y  to 

within 

from the plane of the main body. 

15s if the c o i l  is placed within a dis tance of 5 t o  16 cm. 

IV. EXPWIMENTAL RESULTS 

Two c o i l  arrangements were b u i l t  by the laboratory and 

tested. The first arrangement t es ted  consisted of; 

C o i l B  - Radius - 15.2 cm. w i t h  365 turns  of w i r e  

Coil C - Radius = 5.0 em. w i t h  500 turns  of wire 

Coil A - Radius = 5.0 cm. with 500 turns of wire . 

Coil  A i s  located a distance of approximately 5.0 cm. 

a x i a l l y  above the coplanar arrangement of Coil B and Coil  C. The 

w i r e  used was No. 29 Fonaex copper wound on spools made of plexl- 

glass. 

t o  enable adjustments i n  height above the surface of the material 

mree legs  were placed in the outer  edge of the l a rge r  c o i l  

t o  be measured. 

as a suscep t ib i l i t y  atandard. 

standard'was 80.0 x , c.g.s. units .  The solut ion was placed 

Tests  were made using a solut ion of FeCl in water 3 
The volume suscept ib i l i ty  of the 

i n  a wooden box 3'x3'xlV and readings were taken a t  in te rva ls  fram 

zero t o  10 cm. elevat ion.  Fig. 12 is a p l o t  of t'ne AR readings 

Versus elevation. Fig. 13 is a p lo t  of AR made w i t h  the same 

coplanar arrangement of theabove experimental c o i l  w i t h  the  ex- 

cept ion that Coil  A was increased in radius  t o  15.2 em. w i t h  440 

3 

3 
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turns of wire, 

H was found t o  e q i 1  400 mlcrohenries. Placing the c o i l s  over RC' 
a aolut ion of FeCl 

M of 7.0 microhenrles. 

i n  m u t u a l  Inductance of approximately .1 microhenry for each 

1 x 10-6 c.g.s. u n i t  ex is t s .  

(IC - 80 x 10- 6 c.g.8. un i t s )  cauaed a change i n  3 
Therefore, it can be assumed that  a change 

m3 Table I1 shows the elevat ion a t  which a maximum 

occws, as4 the eleoatioi? in te rva l  a t  which 3 
90$ of i ts  maximum value for the t x z  experiments. 

between Table I and Table I1 ahows that the theore t ica l  calcu- 

dR Le grea ter  than 

A comparison 

l a t ions  and experimental r e su l t s  are i n  good agreement. 

Therefore, the asamption can be made that theore t ica l  

wilculat ions can be used t o  accurately determine the geometry and 

size of the  c o i l  arrangement for optimum performance over epeci i led 

surface conditions. . 

Using equation (38) i t  l e  possible t o  determine the value 

of H f o r  the expe rhen ta l  coils. 

Fig. i2, usir~ the resis tance or the nire wound on Coil C equal t o  

For the ooil arrangement ehoun i?r 

Laboratory data were taken using c o i l  fonns made of plexl-  

glasa. Thla type of coil form l a  subJect t o  s t r e s ses  and elonga- 

t i o n s  caused by changes i n  temperature, and without su i tab le  thermal 

insu la t ion  about the coil forma accurate readings could not be made. 

V. DISCUSSION 

The experimental r e su l t s  obtained by the laboratory indi-  
.* 

c a t e  that they are i n  good agreement w i t h  theore t ica l  calculat ions.  

meoretical calculat ions show that a coplanar c o i l  arrangement having 

1 :794.19-9 
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a maximum radius of 25 cm. will make suscep t ib i l i t y  measurements t o  

within 2 155 if the c o i l  is placed n i t h l n  a distance of 5 t o  16 cm. 

from the average of all protuberances. The wire w e i g h t ,  using 

aluminum wire, would be 500 grams for t h i s  c o i l  arrangement w i t h  

Coils A, B, and C having 20, 25, and 5 em. radius, respectively, 

and 90, 110, and 250 turns  of No. 29 wire, respectively. 

The c o i l  spools should be made of a material which has a 

much loner  coeff ic ient  of thermal expansion than the p lex lg lass  

a2001s used i n  the experimental m o d e l .  Xeasurements made w i t h  

these c o i l s  i n  the laboratory required an environment of constant 

temperature, but rpost of the causes for temperature var ia t ion8 in 

the laboratory experiments (sun going behind cloud, wind) w i l l  be 

absent i n  the lunar environment. 

The l i n e a r  range of the  inductance balance method of 

determining euscept ib i l i ty  1s from 0 t o  10,000~ c;g.a. uni ts .  

A t  s u s c e p t i b i l i t i e s  above these values demagnetization effects must 

be taken in to  acaount5. 

enables suscep t ib i l i t y  measurement t o  100,000 x c.g.s units.  

A ca l ibra t ion  curve can be made which 

The measuring c o i l s  should be used approximately 4 feet 

f r o m  large metal objects. 

dependent upon the mass and s ize  of these objects.  

This minimum distance can be varied 

VI. CONCUISIOm 

1. A device t o  measure the suscep t ib i l i t y  of the lunar 

surface can be designed which will measure within an error of 2 1s 

5K. P u z I c ~ ~ ,  “Magnetism of Rocks as a Function of Magnetic Content”, 
Bei t r .  Ang. Qeoph., 9, 2 ( Ig‘ r l ) ,  pp 158-186. 
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under apecified conditions. 

2. The weight of the wire uaed for the coils will be 

approximately 500 gnus. 

I 3. Spool material must have: low coefficient of expansion, 

high strength, and low specific weight. 

4. Coils must be rigidly mounted so that no deformation 

can occur between measurements. 

5. A calibration curve can be established which will 

enable measurements of susceptibility over the range from 0 to 

100,000 x 10-6 c.g.s. units. 

6. With this coil arrangement it I s  not practicable to 

measure conductivity in the range of interest. 

7. To eliminate the influence of metal obJect8 the coil 
arrangement should be kept well away from any such obJects. 

permissible distance l a  governed by the mass and shape of the metal 

body . 
The 

VII. ELECTRICAL RESISTIVITY 

As was shown In the previous sections, it is not practical 

to yeasure resistlvlties within the range expected to be encountered 

using the three coil arrangement. 

given In partial Report No. 6,"Feasibility of Downhole Logglng Tool,. 

In this discussion, it was pointed out that the basic reason le that 

the Q of this inductive circuit Is too low, and that to measure high 

resistivities by inductive means, It is necessary to have a high Q 

coil. Experhentally, it was found that an air core ccil (6 turns 
of No. 16 wire) wound around the legs of the apsaratua shown in Fig. 

A detail discussion of t N 8  I s  

i 
1 :794.19-11 I 
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2 ( i l l u s t r a t e d  as Coil I)) had a 

by experiment In  Partial  Report  
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Q of 180 a t  10 megacycles. 

No. 6, by measuring the decrease i n  

As shown 

. -- 
Q from a vacuum condition, r e s i s t i v i t i e s  between 10' - 10'' ohm-cm. 

could be measured w i t h  a coil having a Q of 159. 

c o i l  would be necessary t o  minimize the e f f ec t s  of surface irregu- 

l a r i t i e s  and t o  minimize the e f f ec t  of varlat lons i n  z. Also, as 

The large diameter 

was pointed out i n  P a r t i a l  Report No. 6, the Q of a c o i l  may be 

raised several  order8 of magnitude by using a negative resis tance 

c i r cu i t ,  so that the range of measurement could be extended con- 

siderably.  

of res i s tLvi t ies  of the  lunar mater ia l  may be several  orders  of 

magnitude higher than lolo ohm-cm. 

I n  P a r t l a l  Report No. 6 it was pointed out that the range 

The conclusion is that the res iBt iv l ty  should be measured 

by measuring the Q of a coi l .  The wire on the c o i l  would w e i g h  

0 approximately 1 ounce. 

. .  

I 
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TABLE I 

[Table show1 elevation for Ctl maximum and elevation interval for 
Qf 5 0.9, 03 and 0.7 times Q1 maximum.) 

- Elevation at Elevation Interval (cm) at Uhlch 

h 

Q1)Iax. in cm. Q1 la:. 

0.9XCtl 0 . 8 ~ ~ ~  Hax 0.7XQ1 Max Fig. NO. Qrw - )lo. 'a rb 'e ----- 
3 

10 I5 5 2 3.25 2.4 - 4.9 2.0 - 5.9 1.6 - 6.9 4 
15 15 5 2 3.50 2.4 - 4.9 1.8 - 5.4 1.2 - 6.5 5 

1 4 1 5  5 2  2.0 . 0.8 - 3.3 -0 -- 

2 15 15 5 2 
15 15 5 5 
5 1 5  5 5  
4 15 - 5  2 
4 15 45 0 

3.50 
3.0 
3.0 
2.0 
3.6 

3.6 
4.5 
7.0 
9.0 
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TABLE 11 

(Table ShOwLag Elevation fur % Hax. and E h a t h a  Interra1 for 
9 a 0.9 t b e s  An3 wax.) 

Xedium FeC13, = 80 x loo6 c.g.s. w i t s ,  % = 70K ohm for 
lCya1. = o  

Elevation Internal 
Coil Artangemmt Elevation at at uhfch 9 a h 
=a =b re % in cm. 0.9 It % Max. in a. ta cm 

5 15.2 5 5 

ls.2 15.2 s 5 

3.3 

3.0 

2.0 - S o l  
1.7 - 4.3 
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